Delayed diagnosis of hematological malignancies in immunocompetent patients with fever of unknown origin (FUO) remains an exhausting challenge for non-hematologist physicians. This retrospective cohort study aimed to establish a scoring system, ''bone marrow (BM) score'', to identify FUO patients who require early bone marrow biopsy (BMB) to diagnose hematological disease.
INTRODUCTION
T he management of fevers of unknown origin (FUOs) remains an exhausting challenge for physicians because of the wide spectrum of potential disease etiologies. [1] [2] [3] Hematological malignancies make up approximately 11.5% of FUOs, but are responsible for more than half of the associated fatalities, and commonly take longer to establish a definite diagnosis. 4 Although bone marrow (BM) biopsies (BMB) are important tools for diagnosing hematological malignancies, the role of BMBs in the diagnostic work-up of FUOs in immunocompetent patients remains controversial because of the paucity of validation studies confirming the utility of BMBs in this patient population. 5 Recently, 2 studies analyzed immunocompetent, FUO patients undergoing BMBs as part of their diagnostic workup. In both studies, the BMB diagnostic yields were up to 25%, with more than 85% of these patients finally being diagnosed with hematological diseases, most of which were malignant with poor prognoses and requiring early diagnosis for timely treatment. 6, 7 Therefore, we were interested in determining the predictors of hematological disease in immunocompetent patients with FUO, requiring BMB, and in establishing a scoring system that could predict the probability of BM hematological diseases before performing BMB.
We analyzed the final diagnoses of 105 immunocompetent patients with FUOs undergoing BMB patients in a training and validation cohort. Through this analysis, we developed a scoring system (the ''BM score'') that helps determine the necessity and timing of BMB in immunocompetent, FUO patients.
MATERIALS AND METHODS
The Taipei Veterans General Hospital (TPE VGH) is a 2941-bed tertiary medical center in Taiwan that treats both veterans and non-veterans, and receives referrals from across the country. At TPE VGH, the Department of Medicine has 11 divisions, including infectious diseases (ID) and general medicine (GM). The majority of FUO patients are initially admitted to the Division of ID, with a minority being admitted to the Division of GM. To develop a predictive model that allows the identification of BM-associated hematological disease in FUO patients, immunocompetent FUO patients admitted to the divisions of ID and GM were categorized as the training and validation cohorts, respectively. The study was approved by the TPE VGH Institutional Review Board.
Enrolment
We retrospectively reviewed the consecutive hematological consultations performed in the divisions between January 2006 and June 2013. Patients undergoing hematological consultation were included if they met the 2 study criteria. First, the primary purpose of each patient's hematological consultation was to evaluate a FUO, which met the 2 primary criteria of the FUO definition 8 : (1) an illness lasting >3 weeks before diagnosis, and (2) repeated, documented body temperature >38.38C. Second, a BMB must have been performed as part of the FUO evaluation.
Patients meeting the above criteria were further excluded if they (1) were <18-years-old, (2) had a known human immunodeficiency virus (HIV) infection, (3) were recipients of a solid organ transplant, (4) had received an active immunosuppressive therapy, (5) had a history of malignant hematological disease, (6) were neutropenic (white blood cell [WBC] count <1000/mL, or an absolute neutrophil count [ANC] <500/mL), or (7) were hypogammaglobulinemic (immunoglobulin (Ig) G <50%).
Diagnostic Workup
The minimal work-up included history reviews, physical examinations, routine blood and urine tests, chest radiographs, abdominal ultrasonography, and chest and/or abdominal computed tomography (CT). The routine laboratory tests included complete blood cell counts, with differential leukocyte counts; electrolyte levels; kidney function tests; total/direct bilirubin levels; liver enzyme level determinations; concentrations of alkaline phosphatase, r-glutamyl transpeptidase, C-reactive protein, lactate dehydrogenase (LDH), and ferritin; erythrocyte sedimentation rates; antinuclear antibody levels; rheumatoid factor concentrations; levels of complement components 3 and 4; !2 blood cultures while not receiving antibiotics; and serologic tests for cytomegalovirus and HIV. The diagnostic contrast-enhanced chest and/or abdominal CT was done to exclude obvious etiologies (like intra-abdominal abscesses or tumor masses) and to confirm clinical findings of lymphadenopathy, hepatomegaly, or splenomegaly.
Consultations with hematologists occurred at the discretion of the physicians in charge. Testing included peripheral blood (PB) smears and BM studies. The PB smears were used to detect any leucoerythroblastic changes, which refer to the presence of nucleated erythrocytes and immature myeloid cells in the PB. [9] [10] [11] BM studies included aspiration cytology, biopsy, bacterial culture, acid-fast staining, and mycobacterial culture. BM aspirates were used for cytology, acid-fast staining, and inoculation of bacterial (BacT/ALERT 1 SA and SN, BioMerieux, Craponne, France) and mycobacterial culture medium (MGIT TM , Becton Dickinson, Franklin Lakes, NJ). BMBs were performed by puncture of the posterior iliac crest using a T-lock BMB needle (Angiotech, Vancouver, BC, Canada). Sections of the core biopsy were immersed in formalin and processed in the pathology department; all slides were routinely stained with hematoxylin and eosin, with special immunoperoxidase stains being performed on appropriate specimens.
Data Collection
The clinical and laboratory data for the enrolled patients, including the parameters on (or closest to) the day of admission, were collected. Patients having more than 1 hematological consultation or BMB were analyzed only once, based on the first one (if all of the studies were non-diagnostic) or for the earliest one with diagnostic findings. Overall survival (OS) duration was from the time of the BMB to the date of death from any cause or to the last follow-up in January 2014.
For patients enrolled from the division of ID (training cohort), the BMB was initially categorized as ''diagnostic'' if the findings provided clues for diagnosing the FUO. Diagnostic BMB was further characterized as being ''hematological'' or ''non-hematological,'' based on the deduced disease etiology (Supplemental Figure 1 , http://links.lww.com/MD/A112). The ''non-hematological etiologies in the diagnostic BMB'' and the ''non-diagnostic BMBs'' were grouped together as ''without hematological etiologies.'' By comparing the patients with and without hematological etiology, several significant parameters were identified and used to establish the scoring system (BM score) for predicting the probability of hematological disease etiologies in the BM of immunocompetent FUO patients. Patients enrolled from the division of GM acted as a validation group to provide an independent assessment of the BM score.
Statistical Analysis
To compare the results of the patients in the with and without hematological etiology subgroups, we used (1) the t-test for quantitative data, (2) the X 2 and Fisher's exact tests for categorical data, and (3) the Kaplan-Meier estimate and logrank test for OS. In addition, to estimate the odds ratio (OR) for each parameter and develop a scoring system, some quantitative data were converted into categorical data according to defined cut-off levels. Statistically significant predictors in the univariate analysis were further analyzed using a multivariate logistic regression model (the backward-stepwise method) to estimate the OR for each parameter. We utilized the relationship between each predictor's OR to establish a scoring system, with a discriminatory power that was evaluated using the area under the receiver operating characteristics (ROC) curve (AUC). A cut-off value was selected to possess acceptable diagnostic sensitivity and specificity.
All statistical testing was performed using 2-tailed tests; P <0.05 was considered statistically significant. The ORs of each predictor were reported with P-values and 95% confidence intervals (CIs). All analyses were performed using SPSS statistical software, version 17.0 (SPSS, Chicago, IL). Table 1 , http://links.lww.com/MD/ A113).
RESULTS

Clinical and Laboratory Features of FUO Patients
Final Diagnoses of FUO Patients in the Training Cohort
For the 85 FUO patients in the training cohort, 69 (81.2%) ultimately had their underlying disease diagnosed; these included hematological diseases (36.5%) and infectious diseases (25.9%) in 31 and 22 patients, respectively (Table 1) . A total of 38 patients (44.7%) were deemed to have had a diagnostic BMB as the BMB findings provided clues for the final diagnosis. Importantly, patients undergoing diagnostic BMBs had a much higher proportion of hematological diseases than those with non-diagnostic BMBs (76.3% vs 4.3%, P < 0.001).
For the 38 patients deemed to have undergone diagnostic BMB (Supplemental Table 2 , http://links.lww.com/MD/A113), hematological and non-hematological etiologies accounted for 29 (76.3%) and 9 (23.7%) cases, respectively. Of the hematological etiologies, non-Hodgkin lymphoma was the most prevalent (n ¼ 15, 39.5%), including B-cell (n ¼ 10) and T-cell (n ¼ 5) immunophenotypes. The 9 patients with non-hematological etiologies had granulomas.
For the 47 patients deemed to have undergone non-diagnostic BMB (Supplemental Table 3 , http://links.lww.com/MD/ A113), infection (n ¼ 16, 34%) was the most commonly described etiology, with 16 (34%) patients not achieving a conclusive diagnosis after their comprehensive work-up. Notably, 2 cases were diagnosed with hematological disease, but without evidence of BM involvement; 1 was diagnosed with Hodgkin disease and the other with splenic lymphoma.
Factors Predicting Hematological Disease in the BMB (Training Cohort)
At the last follow-up, the median OS of patients with hematological etiologies was much lower than of those without hematological etiologies (46 days vs 2569 days, P < 0.001; Supplemental Figure 3 , http://links.lww.com/MD/A112). Compared to those without hematological etiologies (Table 2) , patients with hematological etiologies were found to have significantly lower WBC counts, ANCs, hemoglobin (Hb) levels, and platelet (PLT) counts, whereas they had higher LDH levels, ferritin levels, and higher proportions of leucoerythroblastic changes in the PB smears. Moreover, the proportion of patients with splenomegaly was also higher in those with hematological disease.
To avoid the loss of potentially useful parameters, the hazards of the above 8 parameters were successively analyzed using different multivariate regression models. As shown in Table 3 , 5 factors, WBCs (<4000/mL), ANCs (<2000/mL), Hb (<10 g/ dL), LDH (>UNL), and PLTs (<100,000/mL), were initially entered into model 1. The P-values for Hb (<10 g/dL), LDH 
BM Score Predicting Hematological Etiologies in BMBs
To develop the scoring system, 6 factors (Supplemental Table 4 , http://links.lww.com/MD/A113) were chosen and weighted according to their relative ORs in the models analyzed (Table 3) ; the AUC was 0.82 (0.71-0.92), with a sensitivity and specificity of 0.83 and 0.58, respectively, when setting the cutoff value to 6 (Supplemental Figure 4 , http://links.lww.com/ MD/A112). Because the patients with leucoerythroblastic changes in their PB smears were shown to have hematological etiologies, based on their BMBs, ''leucoerythroblastic change in PB smears'' was directly added and artificially scored as having 6 points. In the final scoring system (BM score, Table 4 ), the AUC increased to 0.89 (0.81-0.97), and its sensitivity was elevated to 0.93, with the same specificity (0.58) (Figure 2 ; Supplemental Table 5 , http://links.lww.com/MD/A113.) if the cut-off value remained at 6 points. 
Predictive Values of BM Scores in the Validation Cohort
To validate the usefulness of the BM score, the 20 FUO patients in the validation cohort were scored (Supplemental Table 6 , http://links.lww.com/MD/A113). Seven (35%) of the 20 patients had hematological diseases, based on their BMB findings, and these 7 patients had BM scores !6. None of patients with a BM score <6 were diagnosed with hematological etiologies, based on their BMBs. As shown in Table 5 , the sensitivity and specificity were 100% and 77%, respectively. Notably, the negative and positive predictive rates were 100% and 70%, respectively.
DISCUSSION AND CONCLUSIONS
To our knowledge, scoring systems have not been previously suggested to assist in the clinical determination of whether to perform a BMB in immunocompetent FUO patients, although several predictors have been described. 6, 7 The importance of our proposed system was highlighted by several aspects. First, immunocompetent FUO patients who were finally diagnosed with hematological disease, via BMBs, had very poor OS 4 ; therefore, we recommend early BMBs for immunocompetent FUO patients with BM scores !6. Second, the usefulness of the BM score was further validated using an independent cohort. Third, we identified elevated ferritin levels (>1000 ng/ mL) as a surrogate predictor of hematological disease in FUO patients. In fact, serum ferritin levels are well known to be nonspecifically elevated in many inflammatory conditions, including infections and malignancies. [12] [13] [14] In our study, most of the patients had ferritin levels above the upper limit of normal, so we suspect that FUO patients with hematological diseases, diagnosed via BMB, have ferritin levels that are higher than those of patients without hematological etiologies. Fourth, although observed in only 10% of the training cohort patients, a tight association was observed between leucoerythroblastic changes in PB smears and the diagnosis of hematological disease via BMB; however, the value of this association might be limited in hospitals lacking experienced laboratory staff or hematologists. The proposed scoring system stresses the importance of BMB, instead of mycobacterial and other bacterial isolation methods from BM samples, for evaluating immunocompetent FUO patients. First, lymphoma accounted for approximately half of the patients having a final diagnosis of hematological disease, similar to previous studies, 6, 7 and its involvement in the BM is well-known to be better evaluated using BM biopsies. 15, 16 Second, the bacterial yield of the BM cultures has been proven to be as low as 0% to 2% 17, 18 ; none of our patients' BM cultures yielded bacteria (data not shown). Third, isolation 19 For diagnosing miliary TB, invasive procedures are required to obtain specimens from the lung, peripheral lymph nodes, liver, and BM when noninvasive techniques do not provide a diagnosis. [19] [20] [21] Currently, prospective study evidence is not available to prove which invasive procedure is better, but liver biopsies are generally associated with higher diagnostic yields than BMB. [21] [22] [23] [24] Furthermore, blood cultures appear to be as sensitive as BM cultures for diagnosing miliary tuberculosis (sensitivity, 58% vs 54%, respectively). 25 According to the findings of our study, the BM score may facilitate choosing between performing a BMB or a liver biopsy when miliary TB is suspected in immunocompetent FUO patients; a BMB may be suggested if the BM score is !6, and a liver biopsy if the BM score is <6. Compared with previous reports of diagnostic yields (24-27%), 6,7 those of the BMBs in our patients were relatively high (45% in the training cohort). Several factors might have contributed to this relatively high diagnostic yield. First, some bias would have been derived from patient selection involving interhospital referrals and delayed intra-hospital consultations. As described, TPE VGH is a tertiary medical center that receives patient referrals from throughout Taiwan, but not every hospital in the country is able to diagnose hematological disease. In addition, BM studies were usually not done in our hospital until after the completion of other FUO work-ups and hematological consultations. Second, the incidence of BM granulomas in our training cohort (10.5%) was higher than described in previous reports (2.3% 6 and 1.3% 7 ), possibly reflecting the high prevalence of TB in Taiwan. 26 Excluding the 9 BM granulomas in this study, the diagnostic yield of the BMBs in our patients would be lowered to 34%. In fact, our study focused on ''hematological etiologies in BM'' and was not affected by the 9 patients with BM granuloma.
Our study has several inherent limitations. First, the enrolment of patients in the training cohort from the ID division might have increased the frequency of infectious diseases in the final diagnoses. Second, although 11 patients with ''leucoerythroblastic changes in PB smears'' were subgrouped as having hematological etiologies, more patients are required in the future to prove the statistical significance of the multivariate analysis. Finally, a prospective trial will be needed to directly examine the usefulness of the BM score in immunocompetent FUO patients. In conclusion, immunocompetent FUO patients with hematological diseases have poor prognoses and the ''BM score'' will be valuable for assisting non-hematologist physicians to identify those requiring early BMBs.
